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PART II: HEAVY METALS

Chapter 5
CONTAINING ARSENIC-ENRICHED
GROUNDWATER TRACING LEAD ISOTOPIC
COMPOSITIONS OF COMMON ARSENICAL
PESTICIDES IN A COASTAL MAINE
WATERSHED CONTAINING ARSENICENRICHED GROUND WATER
Robert A. Ayuso1, Nora K. Foley1, Gilpin R. Robinson Jr.1, Anna S. Colvin1,
Gail Lipfert2 and Andrew S. Reeve2
1

Mail Stop 954, National Center, U.S. Geological Survey, Reston VA, 20192; 2Department of
Earth Sciences, University of Maine, Orono, ME 04469

Abstract:

Arsenical pesticides and herbicides were extensively used on apple, blueberry,
and potato crops in New England during the first half of the twentieth century.
Lead arsenate was the most heavily used arsenical pesticide until it was
officially banned. Lead arsenate, calcium arsenate, and sodium arsenate have
similar Pb isotope compositions: 208Pb/207Pb = 2.3839-2.4722, and 206Pb/207Pb
= 1.1035-1.2010. Other arsenical pesticides such as copper acetoarsenite
(Paris green), methyl arsonic acid and methane arsonic acid, as well as
arsanilic acid are widely variable in isotope composition. Although a complete
understanding of the effects of historical use of arsenical pesticides is not
available, initial studies indicate that arsenic and lead concentrations in stream
sediments in New England are higher in agricultural areas that intensely used
arsenical pesticides than in other areas. The Pb isotope compositions of
pesticides partially overlap values of stream sediments from areas with the
most extensive agricultural use.
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The lingering effects of arsenical pesticide use were tested in a detailed
geochemical and isotopic study of soil profiles from a watershed containing
arsenic-enriched ground water in coastal Maine. Acid-leach compositions of
the soils represent lead adsorbed to mineral surfaces or held in soluble
minerals (Fe- and Mn-hydroxides, carbonate, and some micaceous minerals),
whereas residue compositions likely reflect bedrock compositions. The soil
profiles contain labile Pb (acid-leach) showing a moderate range in 206Pb/207Pb
(1.1870-1.2069), and 208Pb/207Pb (2.4519-2.4876). Isotope values vary as a
function of depth: the lowest Pb isotope ratios (e.g., 208Pb/206Pb) representing
labile lead are in the uppermost soil horizons. Lead contents decrease with
depth in the soil profiles. Arsenic contents show no clear trend with depth. A
multi-component mixing scheme that included lead from the local parent rock
(Penobscot Formation), lead derived from combustion of fossil fuels, and
possibly lead from other anthropogenic sources (e.g., pesticides), could
account for Pb isotope variations in the soil profiles. In agricultural regions,
our preliminary data show that the extensive use of arsenical pesticides and
herbicides can be a significant anthropogenic source of arsenic and lead to
stream sediments and soils.

Key words:

1.

lead, arsenic, pesticides, New England, Maine, watershed, ground water,
anthropogenic, soils, bedrock, Penobscot Formation, lead isotopes, sources,
minerals

INTRODUCTION

Extensive application of arsenical pesticides and herbicides on apple,
blueberry, and potato crops in New England during the first half of the
twentieth century may have significantly contributed arsenic, lead, and other
metals to the surface environment, and particularly to orchard soils
(Veneman et al., 1983; Chormann, 1985; D’Angelo et al., 1996; Robinson
and Ayuso, 2004). These metal-enriched soils can influence the composition
of ground water. Lead arsenate, calcium arsenate, and sodium arsenate were
the most important pesticides and herbicides, and among the three, lead
arsenate was the most extensively applied pesticide (Peryea, 1998) in apple
orchards. Copper acetoarsenite (Paris green) was also used throughout the
region (Shepard, 1939; Veneman et al., 1983; Peryea, 1998).
Before 1914 the U.S. imported most metallic arsenic from Germany
(e.g., Smith, 1945). From 1914 to about 1930 the bulk of the arsenic
production in the U.S. (marketed for commercial applications as As2O3,
arsenic trioxide, or white arsenic) was derived as a metallurgical by-product
of the smelting of copper, lead, and gold. Arsenic trioxide was used in the
production of fertilizers, herbicides, and insecticides (Kirk-Othmer
Encyclopedia of Chemical Technology, 1992; Ullman’s Encyclopedia,
1998), or if transformed to arsenic acid, used in the manufacture of
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chromated copper arsenate, a preservative of wood products (Mineral
Commodities Summary, 2004). A few companies accounted for the bulk of
U.S. arsenic production in the first half of the twentieth century: American
Smelting and Refining Co., ASARCO (both copper and lead smelting in
several domestic plants), Anaconda Copper Co. (copper smelting), U.S.
Smelting Co. (lead smelting), and various minor producers. Notably, from
1974 to 1985, the domestic supply of arsenic was controlled by ASARCO,
and since 1985 by imports primarily from China, Chile, and Mexico
(Mineral Commodities Summary, 2004). Arsenic metal is also used for
solders, ammunition, anti-friction additive to bearings, and in the computer
and electronics industry for semiconductors (Mineral Commodities
Summary, 2004).
Lead isotope compositions are useful to investigate the sources and
mobility of lead, and by inference, other geochemically similar metals.
Biological, physical and chemical processes in the near surface environment
do not disturb the lead isotope signatures. Also, natural (rock-derived) and
anthropogenic metal sources commonly have diagnostic lead isotope values
so that the variations in soils, sediments, and other near-surface materials
can be used to evaluate the various contributions from different point
sources. Anthropogenic metal sources are related to a wide range of longlived industrial and urban activities (e.g., burning of fossil fuels, mining and
metal alloy industries, smelting, manufacturing, wood preservation, glass
and ceramics industries, sewage, etc.), as well as agricultural activities (e.g.,
pesticides, herbicides, fertilizers, feed additives) that can result in a wide and
overlapping range of isotope compositions.
Certain areas in New England have ground water wells supplied by
bedrock aquifers that are anomalously rich in arsenic (Marvinney et al.,
1994; Peters et al., 1999; Ayotte et al., 2003). Within one of these areas, we
selected a small watershed near Northport, coastal Maine (Fig.1), which is
the focus of extensive geological studies on processes leading to arsenic
mobilization and ground water enrichment (Horesh, 2001; Ayuso and Foley,
2002; Foley et al., 2004a; Lipfert and Reeve, 2004; Lipfert et al., in press).
Our primary objective is to test, using the isotopes of lead, whether the
effects of arsenical pesticide use can be discerned from those of other
potential natural and anthropogenic sources.
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Figure 1. Map showing locations of sites (squares) used for the soil profiles and boreholes (C,
and B), and contents of arsenic in the leach fractions of the top layer of the soil profiles.
Squares with stars denote samples used for the Pb isotope study; other squares are locations of
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profiles used in a geochemical study (Ayuso, unpublished data). Dashed lines enclose areas
containing wells characterized by Lipfert and Reeve (2004), and Lipfert et al. (in press) as
containing high-arsenic ground water (As > 1.3 µmol/L), medium arsenic ground water, and
low arsenic ground water in the Mount Percival recharge area (most wells have < 0.13
µmol/L). Solid line encloses the drainage basin in this study.

1.1

Previous Work

Robinson and Ayuso (2004) used spatial statistical tests and lead isotope
tracers to measure the influence of arsenical pesticide use on stream
sediment chemistry in New England. Agricultural census data for the first
half of the twentieth century were evaluated to determine an agricultural
index that identified areas inferred to have used arsenical pesticides
extensively. Factor analysis on metal concentrations in ~1600 stream
sediment samples were grouped according to their agricultural index value.
Pb and As contents were correlated, and the contents of these elements were
found to be higher in areas that had higher agricultural index values. Lead
isotope compositions of stream sediments from a range of agricultural-index
settings mostly overlapped the isotopic range of bedrock sulfides and their
weathering products. A few of the stream sediments representing high
agricultural-index settings were more radiogenic than the geologic
background values and were mostly attributed to lead from industrial uses
(atmospheric deposition). In this previous study, no lead isotope data were
available for herbicides and pesticides for comparison, but Robinson and
Ayuso (2004) speculated that the more radiogenic sediments collected from
high-agriculture index settings may have included Pb and As from the
arsenical pesticides.

1.2

Geologic Setting

The predominant regional rock type in the Northport area is the rustyweathering iron-sulfide-rich rocks of the Lower Ordovician Penobscot
Formation (Stewart, 1998). The upper part of the formation consists of
abundant pelitic beds (with sandy siltstone layers), containing coarse-grained
andalusite produced by regional metamorphism. Limestone and calcareous
sandstone are rare in the study area. Diorite dikes and muscovite granite
pods and dikes are present locally. The formation is well exposed at higher
elevations in the Northport area where it is thinly covered by a layer of
glacial sediments (till) scavenged from the underlying rocks by the Late
Wisconsian Laurentide ice sheet (e.g., Hunter and Smith, 2001).
Glaciomarine sediments were deposited as ice withdrew at about 14,000 and
12,200 yr B.P. in the coastal lowlands of eastern Maine, (Dorion et al.,
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2001). Till deposits predominate in the watershed and consist of a
scrambled mixture of clay, silt, sand, cobbles and boulders.
Ayuso and Foley (2002, 2004) and Foley et al. (2004a), building on
pioneering studies by Horesh (2001), and Lipfert and Reeve (2004),
identified several generations of arsenic- and lead-bearing metal sulfides and
secondary minerals in the Penobscot Formation. The early generation of
sulfide minerals (including arsenic-rich pyrite and pyrrhotite) likely formed
by diagenesis. A later sulfide and oxide mineral population including galena,
pyrite, arsenopyrite, iron-oxide minerals, and As-sulfides, formed as a result
of Silurian metamorphic and igneous events affecting the Penobscot
Formation. In addition, secondary oxide and sulfate minerals (e.g., Fehydroxides, anglesite, As-oxides, and As-jarosite) were produced from
recent weathering of the till and pedogenic processes. Foley et al. (2004a)
concluded that low-temperature oxidation and decarbonation reactions
involving the later group of arsenic-bearing minerals in contact with local
ground water, could have accounted for the bulk of the As contributed to the
regional ground water.

1.3

Soil Types in the Northport Area

The major protolith of the soils in this portion of coastal Maine is glacial
till, but marine and lacustrine sediments can be locally important. The
predominant soil type in the watershed belongs to the Peru-Marlow-Brayton
association (Fig. 2), which is found along the coast and consists of deep,
nearly level to steep soils that range from well drained to poorly drained; the
soils developed in predominantly moderately coarse-textured compact
glacial till (Hedstrom and Popp, 1981). Another soil type in the watershed,
one that is somewhat less extensively developed is the Boothbay-SwanvilleLyman association (Hedstrom and Popp, 1981), generally found landward
from the Peru-Marlow-Brayton soil association. The Boothbay-SwanvilleLyman soil association has moderately well-drained to poorly drained soils
that formed in marine and lacustrine sediments. The Boothbay-SwanvilleLyman soil association also includes excessively drained soils in moderately
coarse-textured glacial till (Hedstrom and Popp, 1981). Glaciofluvial
sediments, organic material, and alluvium may also constitute significant
components in the soils.
The soil profiles typically contain unstratified clay to boulder-sized
constituents (generally up to about 10 cm). The soil, till and other nearsurface materials generally make up a relatively thin (<1.5 m thick) layer
that overlies bedrock. A predominantly local provenance for the glacial till
is likely, on the basis of the types and amounts of pebbles and cobbles.
Organic-rich and irregularly bedded layers dominate the top of the profiles,
extending to a depth of about 8-12 cm. Intensely weathered, saprolitized, and
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disaggregated, rusty-weathering sulfidic schistose bedrock was encountered
at many sites at the bottom of the profiles (~ 60 cm). The large pebbles and
boulders in the intermediate depth intervals were rusty-weathered sulfidic
schist, in addition to minor granite, mafic rocks, and quartzite.
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Figure 2. Map of the drainage basin showing generalized distribution of the soil type
associations (modified from Hedstrom and Popp, 1981) Symbols as in Figure 1
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Abrupt color changes were found locally, and color variations in the
dominant soil association are characterized by a surface layer of dark brown
soils with fine sandy loam at the top (~10-15 cm thick), overlying a layer of
gray to orange-brown fine sandy loam (~4-7 cm). Deeper in the profiles, the
subsoils ranged from dark orange-brown silty to sandy loam to gray and
green-brown pebbly to sandy loam (~25-35 cm). The profiles were usually
dug shallower than about 1m, and ended below the subsoils in a dense layer
(substratum) of disaggregated schist and gneiss fragments or intensely
weathered bedrock. Locations dug at higher elevations (Mount Percival area,
Figs. 1-2) were characterized by abundant outcrop and consisted of soils and
tills shallowly underlain by bedrock. In the predominant soils, permeability
above the substratum and bedrock is moderate. In the spring, the water table
is commonly perched above the substratum and bedrock (Hedstrom and
Popp, 1981).
Soil profiles of the Northport area contain various silicate, carbonate,
oxide, and rare sulfide minerals, as identified by petrography, X-ray
diffraction, and electron microprobe analysis (Foley et al., 2004a). The tills
also have abundant organic constituents at the top of the profiles. The soils
display several horizons that characteristically reflect the general
incorporation of organic material and the effects of weathering. The silicate
mineralogy is dominated by quartz, feldspar, and mica, including sericite
and chlorite. Our studies suggest that Fe-hydroxides are the predominant
secondary minerals in the profiles and underlying bedrock (Ayuso and
Foley, 2002; Foley et al., 2004a; Foley, unpublished data). In general, the Fe
and Fe-Mn oxyhydroxide minerals occur throughout the till profiles,
although they are most abundant in the upper depth intervals, particularly
below the organic layer. Rare sulfide minerals include pyrrhotite, greigite,
sphalerite, galena, djurlite, and arsenopyrite. Carbonate (calcite manganoan
siderite) and Fe-bearing phosphate minerals also occur.

1.4

Sampling of Soil Profiles

Soil profiles at five sites were used for the lead isotope study, and these
represent a subset of 34 sites (Fig. 1) that have been investigated for an
ongoing geochemical study. Pits approximately 30-40 cm in diameter were
hand dug in the midsummer to expose profiles, free of forest litter, to depths
of at least 60 cm. Five or six samples (about 150-500 g) were obtained,
spaced approximately 10 cm apart, in order to select representatives of the
morphological variations in the soils and tills.
Samples from the top of the profiles are from the uppermost surface
layers of the soils, as characterized by color (e.g., most are dark brown),
particle size and morphology (silt or sandy loam). Most soils in the area
exhibited contrasting color and compositional features distinguishing the
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soils, subsoils, and lower horizons. The surface layer was clearly evident in
the watershed (mostly representative of the A1 horizon, and in some cases
the Ap soil horizon; Hedstrom and Popp, 1981). This topmost layer is at or
near the surface and consists of humified organic matter and minerals, and
may include a plowed surface horizon that is part of the underlying, mineral
horizon (B). Bedrock was often found at depths of less than 60 cm.

1.5

Analytical Techniques

The pesticides were dissolved in dilute HNO3 and this solution was
passed through Pb exchange columns using normal elution protocols (Ayuso
et al., 2004a). Isotopic compositions were measured using a Finnigan-MAT
262 thermal ionization mass spectrometer (TIMS). Mass fractionation was
monitored by frequent analysis of the NIST-SRM 981 standard. Lead blanks
during the course of the study were less than 50 nanograms and thus are not
significant compared to the lead abundances in the samples. A mass
fractionation correction of about 0.1% per amu was applied to all samples.
Maximum analytical uncertainties (± 2 standard error of the mean) are as
follows: 206Pb/204Pb < 0.005, 206Pb/207Pb < 0.00007, and for 208Pb/207Pb <
0.00006. Table 1 summarizes the Pb isotope data for the pesticides
determined in this study and from a preliminary report (Ayuso et al., 2004b).
Soil samples were air-dried and prepared for lead isotope analysis using
50-100 mg of the <0.2 mm size fraction. Sulfides, Fe-hydroxides, and other
secondary minerals in the Penobscot Formation can be used to monitor the
composition of labile Pb and provide the means to discriminate labile
(anthropogenic) lead from lead inherited from the parent rocks and sulfides.
A cool and mild acid leach (1.5N HCl+3N HNO3) was used to attack the
secondary minerals. This solution likely reflects the labile Pb (e.g., Erel et
al., 1997) captured in the Fe-hydroxide, carbonate, or organic materials, or
other secondary minerals (clays). These minerals can contain lead, arsenic,
(and other elements) derived from outside of the watershed. Mixed solutions
of HF- HNO3 were used for final dissolution of the residual fractions. Table
2 summarizes the Pb isotope data for the leach fractions of the soil horizons
(together with Pb and As contents); Table 3 shows equivalent data for the
residues.
Trace element compositions and mineralogy of the soils and Penobscot
Formation were obtained by various analytical techniques including XRD,
XRF, ICP-MS, and INAA. Table 4 is a summary of the trace element data
for the leach aliquots obtained on the soils in the Pb isotope study, and for
the Penobscot Formation.
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Figure 3. 206Pb/207Pb vs. 208Pb/207Pb plot showing the compositions of arsenical pesticides,
herbicides and feed additives.

2.

RESULTS

A preliminary assessment of lead isotopic signatures of the arsenical
pesticides shows that considerable diversity in values exists (Table 1, Fig. 3).
The pesticides range in values of 206Pb/207Pb = 1.1035-1.2010, 208Pb/207Pb =
2.3839-2.4722, and 206Pb/204Pb = 17.070-18.761. The pesticides plot along a
trend for values of 206Pb/207Pb and 208Pb/207Pb (Fig. 3). Some of the
pesticides show large isotope differences even for similar compounds. For
example, lead arsenate (acid form) (206Pb/204Pb = 18.395) is significantly
more radiogenic than lead arsenate (basic form) (206Pb/204Pb = 17.070),
consistent with a different source of lead used in their manufacture. Table 1
also shows lead isotope compositions of widely used feed additives used to
promote swine and poultry growth.
The three most common arsenical pesticides used in New England (lead
arsenate-acid form, calcium arsenate, and sodium arsenate) have similar
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isotope signatures. As a group, they are somewhat more radiogenic than
other pesticides (Fig. 3). Contrasting lead isotope values produced by
different companies characterize arsenious oxide and arsenic oxide and both
are less radiogenic than the more commonly used pesticides in New England
(Fig. 3). Other compounds such as methyl arsonic acid and methane arsonic
acid (and copper acetoarsenite or Paris green) have lead isotope signatures
that are intermediate between lead arsenate and arsenious oxide.

https://scholarworks.umass.edu/soilsproceedings/vol11/iss1/6

Table 1. Lead isotopic compositions of pesticides, herbicides, and feed additives
Compound name as labeled and purity
Formula
Manufacturer and date (if known)
(if known)
Pesticides and herbicides used in New England
Calcium arsenate
Ca3(AsO4)2
Pfaltz and Bauer Inc., 1981
Calcium arsenate
Ca3(AsO4)2
Calcium arsenate
Ca3(AsO4)2
Pfaltz and Bauer Inc., 1981?
Aldrich Chemical Co.
Sodium metaarsenite (98.0%)
NaAsO2
Sodium metaarsenite (98.0%)
NaAsO2
Sodium metaarsenite (98.0%)
NaAsO2
Pfaltz and Bauer Inc., 1976
Lead arsenate (acid) (91.6%)
PbHAsO4
Lead arsenate (acid) (91.6%)
PbHAsO4
Lead arsenate (acid) (91.6%)
PbHAsO4
PBI/Gordon Corp., Acme Quality Paints
Acme arsenate of lead (basic)
Pb5OH9(AsO4)3
(from H. Evans, USGS), 1950?
Acme arsenate of lead (basic)
Pb5OH9(AsO4)3
Acme arsenate of lead (basic)
Pb5OH9(AsO4)3
Sherwin-Williams Co., Paris green, 1985
Copper acetoarsenite (90.0%)
C4H6As6Cu4O16
Copper acetoarsenite (90.0%)
C4H6As6Cu4O16
Copper acetoarsenite (90.0%)
C4H6As6Cu4O16
Other pesticides and herbicides
Union Mechling Co. (from J. Ayotte, USGS)
Arsenous oxide
As2O3
Arsenic oxide (99.95%)
As2O3
Aldrich Chemical Co.
Ricerca Inc., 1993
Methyl arsonic acid (99.9%)
CH5AsO3
Vineland Chemical Co., 1978
Methane arsonic acid (99.7%)
CH5AsO3
Methane arsonic acid (98.5%)
CH5AsO3
Vineland Chemical Co., 1982
Feed additives (poultry and swine growth)
Fleming Labs Inc., 1990
Arsanilic acid (99.62%)
C6H8AsNO3
Arsanilic acid (99.86%)
C6H8AsNO3
Fleming Labs Inc., 1990
Pb/207Pb

1.19345
1.19350
1.19343
1.20102
1.20100
1.20104
1.18026
1.18024
1.18029
1.10352
1.10354
1.10348
1.16649
1.16644
1.16652
1.16587
1.11826
1.17881
1.17644
1.16337
1.20321
1.17985

18.617
18.620
18.615
18.759
18.755
18.761
18.395
18.393
18.398
17.070
17.075
17.068
18.153
18.149
18.161
18.153
17.342
18.381
18.333
18.042
18.754
18.411

206

Pb/204Pb

206
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2.47068
2.46093

2.43421
2.39982
2.46001
2.43727
2.44030

2.46316
2.46320
2.46314
2.47212
2.47209
2.47215
2.46083
2.46080
2.46086
2.38394
2.38397
2.38390
2.44191
2.44185
2.44197

Pb/207Pb

208
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Soil profiles from the Coastal Maine watershed (Fig. 2) were selected to
test whether the effects of arsenical pesticide use in the area could be
discerned from other potential natural and anthropogenic lead sources. Soil
profiles of 48 samples (leach and residues) show a moderate range in
208
Pb/207Pb = 2.4519-2.4876, and 206Pb/204Pb = 18.583-18.836 and 206Pb/207Pb
= 1.1870-1.2069 (Table 2 and Fig. 4). Leach fractions are lowest in
208
Pb/207Pb for the uppermost soils (surface layers within 10 cm from the
surface), in contrast to the values obtained deeper in the profiles (up to about
50 cm from the surface) so that the profiles are stratified isotopically (Fig.
4F). Labile Pb isotope compositions are not homogeneous at 20-30 cm. Soil
and glacial processes controlling the dissolution and re-precipitation of
secondary minerals did not homogenize the lead, similar to results obtained
on temperate forest near-surface tills (Emmanuel and Erel, 2002).
Compositions of the residues range in 206Pb/207Pb = 1.2056-1.2328,
208
Pb/207Pb = 2.4661-2.5000, and 206Pb/204Pb = 18.831-19.303 and are
distinctly more radiogenic than the leach fractions (Table 2, Fig. 4).
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Table 2. Pb isotope compositions and contents of Pb and As in leach samples from soil profiles, Northport area, coastal Maine
Leach
Pb (ppb) average
As (ppb) average
206
Pb/204Pb average (range) 206Pb/207Pb average (range) 208Pb/207Pb average (range)
sample/horizon
(range)
(range)
0-10 cm, all sites
296 (76-606)
372 (35.1-3960)
0-10 cm, isotope
252 (76-606)
985 (40.3-3960)
18.655 (18.601-18.751)
1.19577 (1.19046-1.20111) 2.46014 (2.45188-2.46186)
study
JJ-ME-02-S01A
86.5
70.5
18.751
1.20111
2.46280
JJ-ME-02-S03A
606
696
18.601
1.19046
2.45188
RA-ME-02-S02A
76
40.3
18.621
1.19465
2.45896
RA-ME-02-S09A
366
159
18.619
1.19274
2.45518
RA-ME-02-S26A
124
3960
18.685
1.19989
2.46186
10-20 cm, all sites
42.3 (20.4-29.8)
170 (9.4-2030)
10-20 cm, isotope
42.3 (20.4-29.8)
639 (17.6-2030)
18.704 (18.603-18.774)
1.19854 (1.19351-1.20252) 2.46847 (2.46314-2.47236)
study
JJ-ME-02-S01B
20.4
57.1
18.716
1.19964
2.47119
JJ-ME-02-S03B
112
1040
18.603
1.19351
2.46314
RA-ME-02-S02B
22.3
17.6
18.661
1.19564
2.46488
RA-ME-02-S09B
29.8
47.7
18.774
1.20252
2.47236
RA-ME-02-S26B
27.1
2030
18.766
1.20138
2.47079
20-30 cm, all sites
26.4 (11.9-47.4)
874 (47.1-2150)
20-30 cm, isotope
25.9 (11.9-47.4)
702 (14.2-2150)
18.734 (18.583-18.836)
1.19418 (1.18703-1.20355) 2.47669 (2.47327-2.48761)
study
JJ-ME-02-SO1C
20.35
48
18.742
1.19957
2.47456
JJ-ME-02-SO3C
47.35
1250
18.583
1.19038
2.47400
RA-ME-02-S02C
24.1
14.2
18.752
1.19038
2.47400
RA-ME-02-S09C
26
47.05
18.757
1.20355
2.47327
RA-ME-02-S26C
11.85
2150
18.836
1.18703
2.48761
30-40 cm, all sites
29.1 (9.6-65.9)
843 (34.1-1860)
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Leach
sample/horizon
30-40 cm, isotope
study
JJ-ME-02-SO1D
JJ-ME-02-SO3D
RA-ME-02-S02D
RA-ME-02-S09D
RA-ME-02-S26D
40-50 cm, all sites
40-50 cm, isotope
study
JJ-ME-02-S01E
JJ-ME-02-S03E
RA-ME-02-S02E
RA-ME-02-S09E
RA-ME-02-S26E

As (ppb) average
(range)
678 (16.0-1860)
34.1
1440
16
37.95
1860
716 (48.9-1780)
577 (17.8-1780)
48.9
979
17.8
57.5
1780

Pb (ppb) average
(range)
27.7(9.60-65.9)
17.85
65.85
22.4
22.9
9.62
16.9 (12.2-19.7)
19.0 (12.2-27.5)
17.5
18.2
27.5
19.7
12.2

1.20106
1.19123
1.23280
1.20613

19.303
18.810

1.20780 (1.19128-1.23280)

1.19960
1.19147
1.20253
1.20197
1.20685

1.20048(1.19147-1.20685)

Pb/207Pb average (range)

206

18.733
18.762

18.902 (18.733-18.810)

18.730
18.596
18.753
18.802
18.822

18.741 (18.731-18.822)

Pb/204Pb average (range)

206
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2.49296
2.47605

2.47354
2.46994

2.47812 (2.46994-2.49296)

2.47418
2.46588
2.46895
2.47628
2.47630

2.47232(2.46895-2.47630)

Pb/207Pb average (range)

208
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Figure 4. 208Pb/207Pb vs. 206Pb/204Pb plots showing the acid-leach and the residue fractions at
different depth intervals. A) 0-10 cm. B) 10-20 cm. C) 20-30 cm. D) 30-40 cm. E) 40-50 cm.
F) Summary plot showing estimated trends of the leach fractions and the fields for the residue
fractions. The leach fractions (labile lead) are shown by lines of decreasing slope as a
function of depth. The residue fractions (silicate lead) are more homogeneous in the deeper
portion (>30 cm) of the profiles.

Pb and As contents of the bulk soil samples in the watershed show a wide
range (Table 3). The content of Pb is highest in the surface layer (average
~36 ppm). As shows no systematic trend with depth (~176 ppm at the top).
Variations in the contents of Pb and As in the leach fractions of the depth
intervals (Table 2) show that Pb contents decrease with depth (average = 252
ppb in the surface soil to 19 ppb in the bottom horizon). Average As
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contents, however, show no clear trend, averaging 985 ppb in the uppermost
soil surface layer, and 577 ppb in the bottom horizon. The leach fractions are
also most variable for Pb and As in the soil surface layer (Pb ~76 ppb to
~606 ppb; As ~40 ppb to ~3900 ppb). Average contents of Ctotal (surface soil
= 6.17 wt.%, bottom horizon = 1.73 wt.%) and pH (surface soil = 4.55,
bottom horizon = 5.11) show consistent differences as a function of depth.
The values for Stotal, however, show no clear trend along the profiles (surface
soil = 0.03%, bottom horizon = 0.02%) (Ayuso, unpublished data).

https://scholarworks.umass.edu/soilsproceedings/vol11/iss1/6

Table 3. Pb isotope compositions and contents of Pb and As in residue (bulk) samples from soil profiles, Northport area, coastal Maine
206
206
208
Residue (bulk)
Pb (ppm)
As (ppm)
Pb/204Pb
Pb/207Pb
Pb/207Pb
sample/horizon
average (range)
average (range)
average (range)
average (range)
average (range)
0-10 cm, all sites
35.9 (23.7-59.6)
176 (37.9-517)
0-10 cm, isotope study
33.7 (23.7-59.6)
144 (13.9-517)
18.916 (18.831-18.976) 1.20958 (1.20560-1.21375) 2.47517 (2.46654-2.48104)
JJ-ME-02-S01A
23.7
102
18.900
1.21075
2.48104
JJ-ME-02-S03A
59.6
37.9
18.831
1.20597
2.46982
RA-ME-02-S02A
24.6
13.9
18.965
1.21182
2.47863
RA-ME-02-S09A
30.0
48.1
18.908
1.20560
2.46654
RA-ME-02-S26A
30.5
517
18.976
1.21375
2.47984
10-20 cm, all sites
22.8 (15.0-37)
62.7 (9.9-606)
10-20cm, isotope study
18.7 (15.0-22.1)
172 (13.0-606)
19.075 (18.925-19.303) 1.22054 (1.21182-1.23280) 2.48753 (2.47863-2.49296)
JJ-ME-02-S01B
15.0
109
19.054
1.21817
2.48291
JJ-ME-02-S03B
17.4
71.2
19.303
1.23280
2.49296
RA-ME-02-S02B
20.2
13
19.076
1.22230
2.49712
RA-ME-02-S09B
18.7
61.1
19.019
1.21515
2.48477
RA-ME-02-S26B
22.1
606
18.925
1.21428
2.47989
20-30 cm, all sites
21.8 (16.6-24.3)
221 (62.0-657)
20-30 cm, isotope study 20.9 (16.9-23.2)
183 (32.0-657)
19.031 (18.893-19.267) 1.21812 (1.21042-1.23151) 2.48750 (2.48156-2.50001)
JJ-ME-02-SO1C
16.6
97.0
18.893
1.21042
2.48182
JJ-ME-02-SO3C
23.0
68.0
19.267
1.23151
2.49179
RA-ME-02-S02C
16.9
32.0
19.045
1.21853
2.50001
RA-ME-02-S09C
24.3
62.0
18.953
1.21285
2.48233
RA-ME-02-S26C
23.5
657.0
18.995
1.21728
2.48156
30-40 cm, all sites
21.9 (20.5-23.2)
203 (55.0-616)
30-40 cm, isotope study 20.9 (16.9-23.2)
170 (34-616)
18.996 (18.937-19.041) 1.21571 (1.21163-1.21884) 2.48674 (2.48024-2.49473)
JJ-ME-02-SO1D
22.1
83
18.961
1.21393
2.48585
JJ-ME-02-SO3D
23.2
55
19.041
1.21884
2.49242
RA-ME-02-S02D
16.9
34
19.019
1.21659
2.49473
RA-ME-02-S09D
20.5
61
18.937
1.21163
2.48024
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Residue (bulk)
sample/horizon
RA-ME-02-S26D
40-50 cm, all sites
40-50 cm, isotope study
JJ-ME-02-S01E
JJ-ME-02-S03E
RA-ME-02-S02E
RA-ME-02-S09E
RA-ME-02-S26E

Pb (ppm)
average (range)
21.9
19.1 (8.9-47.1)
18.9 (8.9-28.9)
25.1
8.9
19.1
12.8
28.9

As (ppm)
average (range)
616
225 (59.0-640)
192 (59-640)
83
118
60
59
640

206

Pb/207Pb
average (range)
1.21755
1.21392 (1.20992-1.21774)
1.21774
1.21648
1.21154
1.20992

Pb/204Pb
average (range)
19.022
18.961 (18.905-19.026)
19.026
19.001
18.914
18.905

206

2.48008
2.48864

2.48641 (2.48008-2.49028)
2.49028
2.48665

Pb/207Pb
average (range)
2.48068

208
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Variations in trace element contents of the sulfidic Penobscot Formation
reflect the range from pelite-dominated to sandy silts, and broad variability
in contents of sulfide minerals (Table 4). Fe2O3, Al2O3, MgO, and CaO
contents, for example, vary widely (Ayuso, unpublished data). Although the
outcrop and drill core samples have similar compositional features, arsenic
contents can differ widely (Table 4). Whole-rock samples from drill core
are somewhat depleted in lead (average ~17 ppm) and enriched in arsenic
(average ~83 ppm), compared to the outcrop samples (average Pb ~29 ppm;
average As ~28 ppm) (Table 4).
Table 4. Average of selected trace element compositions of the soil horizons (leach fractions),
and the Penobscot Formation (whole rocks), Northport area
Soils
0-10
10-20
20-30
30-40
40-50
Penobscot Formation (ppm)
(ppb)
cm
cm
cm
cm
cm
outcrops (n=9)
cores (n=19)
As
372
170
874
843
716
28.2
82.6
Pb
296
42.3
26.4
29.1
16.9
28.8
17.15
Be
12.0
17.4
22.7
23.1
20.5
3.44
nd
Sb
10.3
6.98
5.32
5.37
6.27
0.37
0.5
Hg
bdl
1.19
1.08
bdl
bdl
9.32
bdl
Bi
bdl
bdl
0.84
0.75
0.907
0.35
0.4
Se
42.2
65.4
29.0
24.0
17.0
0.58
0.7
Tl
1.60
2.18
1.97
2.17
2.01
1.49
1.3
Sc
nd
nd
138.5
118.8
132
18.3
18.9
V
308
294
270
256
244
179
115
Ni
261
236
63.6
79.5
325
39.9
576.1
Co
463
632
1031
1338
1355
8.75
24.9
Cr
131
167
151
135
88.2
98.8
2404
Ga
18.0
12.4
10.4
13.0
11.4
26.9
25
Ge
1.37
1.65
1.22
1.067
1.60
2.27
1.9
Cu
24.5
17.1
24.2
16.1
13.2
29.9
30.8
Zn
934
832
865
734
644
105.5
119.8
Mo
10.0
6.4
4.16
4.17
4.75
5.43
5.8
Sn
4.88
3.36
2.66
2.98
1.54
3.58
8.7
W
10.4
11.1
12.38
9.3
5.4
1.63
4.5
Cd
18.9
17.6
16.4
16.3
13.5
9.32
nd
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Figure 5. 206Pb/207Pb vs. 208Pb/207Pb plot showing the field of arsenical pesticides and
herbicides, mining districts from the southern portion of the Southeast Arizona terrane
(Arizona, Pima, and Ray), and other districts in Montana (Butte), and Utah (Bingham) likely
used in the production of arsenic trioxide. Lead isotope data for porphyry copper deposits in
Arizona are from Bouse et al. (1999), porphyry copper deposits in Montana are from Murthy
and Patterson (1961), and in Utah are from Stacey et al. (1968). Also shown are compositions
of Mississippi Valley type (MVT) ore deposits (Doe and Delevaux, 1972), Pb ore from
Mexico and Peru (Chow et al., 1975), shown as MP, and Pb ore from Australia and Canada
(Cumming and Richards, 1975). The figure also shows the field of galena and other sulfide
minerals from massive sulfide deposits from coastal Maine (Foley et al., 2004b), sulfides at
various stages of weathering and secondary Fe-hydroxides (representative of the natural
background compositions) in the Penobscot Formation (Ayuso and Foley, 2002). Symbols are
given in Figure 3.

3.

DISCUSSION

The lead isotope signature of arsenic trioxide (As2O3), starting material
for the manufacture of the arsenical pesticides, will closely reflect the
composition of the sulfide minerals (e.g., arsenian sulfides such as
arsenopyrite, and arsenian pyrite) used during the smelting of copper, lead,
and gold ore. Production data for the major manufacturers of arsenic trioxide
from the 1920s to the 1980s, and isotope data in the literature show that the
sulfide ores used in the production of arsenic trioxide had substantial isotope
differences (Fig. 5). Also, as a group, the arsenical compounds have
distinctive lead isotope signatures that in some cases can be uniquely traced
to domestic industrial arsenic trioxide suppliers in the U.S. and to sulfide
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ores from specific mining districts. This information can be useful to
constrain the possible provenance of the individual pesticides. In the case of
lead arsenate (acid form), calcium arsenate, and sodium arsenate, the lead
isotope compositions closely match those of sulfides from porphyry copper
deposits from southeastern Arizona, specifically from the Pima and Silver
Bell districts (Bouse et al., 1999). Notably, other major historical producers
of arsenic trioxide (e.g., Anaconda Copper Co., U.S. Smelting Co., Jardine
Mining Co.) used sulfide ore during their smelting operations that differed
greatly from southeastern Arizona because of the different rock ages and
metallogenic settings. For example, the porphyry deposits from Montana and
Utah (Stacey et al., 1968; Murthy and Patterson, 1961) have higher
208
Pb/207Pb and lower 206Pb/207Pb than ores from southeastern Arizona (Fig.
5). Sulfides from the northern domain of southeastern Arizona (e.g., Ray
district) also produced ore that is isotopically distinct and is similar to the
composition of Paris green (copper acetoarsenite). Other pesticides that plot
along the pesticide isotope trend of Fig. 3 reflect lead sources having much
lower values of 208Pb/207Pb, and 206Pb/207Pb than the mines of southeastern
Arizona.

Figure 6. 206Pb/207Pb vs. 208Pb/207Pb plot of lead arsenate (#1), sodium metarsenite (#2),
calcium arsenate (#3), and Cu-acetoarsenite as (#4), compositions of the soil profiles, average
composition of the Penobscot Fm., generalized field for sulfides and Fe-hydroxides from the
Penboscot Fm. (Foley et al., 2004a), and U.S. aerosols (1971-1989 (Rosman et al., 1994) and
a dashed line representing the range for atmospheric Pb in the Eastern U.S. for 1997-1999
(Bollhöfer and Rosman, 2001). MP, lead from Mexico and Peru. See text for additional
explanation and references.
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Pb and As in the Soil Profiles

We now turn to the question of whether the contributions of the arsenical
pesticides can be distinguished from the effects of anthropogenic lead
derived from fossil fuel combustion in the Northport watershed area. A
fundamental step toward determining the ultimate source of lead (and by
inference other elements) depends on accurately assessing the contributions
from all of the possible natural and anthropogenic point sources.
Baseline concentrations of arsenic in U.S. near-surface till are ~7.4 mg
kg-1 (Shacklette et al., 1971), although concentrations can vary broadly
because of the heterogeneous distribution of sulfide minerals and redox
conditions. Soils that have not been greatly disturbed retain arsenic and lead
near the top of the soil horizon, suggesting that metal migration is not
significant (Veneman et al., 1983; Peryea, 1998). The soil profiles show
considerable Pb isotope variations from top to bottom. Leach fractions are
lowest in 208Pb/207Pb in the surface soil layer, 10 cm from the surface, but
there is no clear isotope gap that can be used to distinguish a limit for the
possible effects of near- surface contaminants such as industrial lead from
atmospheric deposition versus lead derived from weathering of bedrock. The
dominant source of anthropogenic lead is industrial emissions involving
combustion of alkyl-lead gasoline additives (Chow et al., 1975) distributed
by long-range atmospheric transport (e.g., Nriagu and Pacyna, 1988)
producing heavily polluted soils enriched in lead, with possible associated
enrichments in As, Zn, and Cd (e.g., Steinnes et al., 1989). A direct relation
between the Pb contents, Pb isotope variations, and As contents remains
equivocal. Perhaps this reflects the contrasting solubilities of Pb (low
solubility at high soil pH) and As (complexing and solubility contrasts with
pH) in the near-surface layers, and the various effects of mechanical
disturbance (tillage, and digging) near the surface (Peryea, 1998).
Compared to the Pb isotope values of lead arsenate, calcium arsenate,
and sodium arsenate pesticides, isotope compositions of industrial lead in the
1960s to the 1980s are somewhat shifted toward lower values of 208Pb/207Pb
relative to 206Pb/207Pb (Fig. 6). Mississippi Valley type (MVT) deposits
contain generally radiogenic lead (high values of 208Pb/207Pb and 206Pb/207Pb
in Fig. 5; Doe and Delevaux, 1972) and provided most of the lead ore used
for industrial applications in the U.S., and for gasoline additives from about
1964 to 1976 (Rosman et al., 1994). From ~1930 to 1970, the period of most
intensive application of pesticides in New England, anthropogenic lead
throughout the U.S. was primarily derived from combustion of alkyl-lead
gasoline additives and with input of lead to the atmosphere (206Pb/207Pb
~1.23 and 208Pb/207Pb ~2.46: Chow et al., 1975). Because the supply of lead
changed from domestic to foreign sources, 206Pb/207Pb in aerosols and
gasoline evolved from ~1.15 in the mid-1960s (Erel et al., 1997) to ~1.22 in
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the 1970s and early 1980s (Figs. 5-6). Values of 206Pb/207Pb decreased after
1976 (Rosman et al., 1994), partly as a result of decreasing gasoline
consumption, lead recycling, and imports from Australia, Canada, Mexico,
and Peru (Graney et al., 1995; Bollhöfer and Rosman, 2000, 2001). By
1997-1999 (Fig. 6), eastern U.S. aerosols were less radiogenic than values
measured in alkyl-lead in the 1970s (Bollhöfer and Rosman, 2001).
The natural geochemical cycle of lead has also been greatly disturbed by
a variety of anthropogenic inputs. These include emissions from industrial
plants and ore smelters (Graney et al., 1995; Dunlap et al., 1999; Ayuso et
al., 2001; De Vivo et al., 2001; Tarzia et al., 2002), effects of urbanization
(Hopper et al., 1991; Erel et al., 1997; Hansman and Koppel, 2000; Teutsch
et al., 2001), and by other human activities which emit metals (As, Sb, Cd,
Se, Hg, etc.) into the atmosphere and surface environment (e.g., Steinnes et
al., 1992). However, little arsenic is thought to be contributed to surface and
ground water bodies by precipitation, unless a major source of arsenic exists
locally (Smedley and Kinniburgh, 2002). Extensive pesticide use in
agricultural lands can significantly increase the amount of anthropogenic
lead because of reaction of surface water runoff with contaminated soils
(e.g., Erel and Patterson, 1994; Kober et al., 1999). Lead isotope
compositions of stream sediments inferred to have the highest intensity of
pesticide use show considerable overlap in Pb isotope compositions with the
arsenical pesticides (Robinson and Ayuso, 2004; Ayuso, unpublished data).
The Pb isotope trend from top to bottom of the soil profiles indicates that
compositions of U.S. aerosols (industrial lead) overlap the leach fractions of
the surface soil layers (Fig. 6). The data suggest the profiles are influenced
by Pb isotope contributions from the youngest aerosols (1997-1999), perhaps
generally decreasing in a trend from the top layer to the bottom layer. The
Fe-hydroxides also overlap in composition with the leach fractions at the top
of the profiles (Fig. 6). This feature agrees with studies showing that in
temperate forest soils, the Fe-hydroxides have a high affinity for lead
(Emmanuel and Erel, 2002). Lead residence in water (Jaffe and Hites, 1986)
and in such temperate forest floors is also thought to be short, probably less
than 80 yr (e.g., Miller and Friedland, 1994; Erel et al., 1997). Arsenic, as in
the case of lead, also has a strong preference for Fe-hydroxides under
surface conditions (e.g., Korte and Fernando, 1991).
Leach fractions from deeper in the soil profiles (>10 cm) are somewhat
shifted from the field of aerosols and gasoline, and the field of the Fehydroxides toward higher values of 208Pb/207Pb and towards the field of the
arsenical pesticides (Fig. 6). Higher values of 208Pb/207Pb than the Fehydroxides and pesticides in deeper portions of the soil profiles may indicate
a more prominent role for imported lead sources (Peruvian and Mexican Pb
ores), or a natural source that has not yet been identified (Fig. 6).
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The lead arsenate-acid form, calcium arsenate, and sodium arsenate
pesticides do not have a sufficiently distinct Pb isotope range that would
allow quantification of their contribution to the anthropogenic lead in the
soils. Average compositions of the top layers of the profiles, however, plot
as a cluster, intermediate to the rock-derived and anthropogenic point
sources, and consistent with the idea that labile Pb reflects involvement of
several natural and anthropogenic components (Fig. 7). This figure shows
the average compositions of the top layer of the soils (A1 and Ap horizons)
used in the isotope study, the top layer of soils for all sites in the
geochemical study, as well as that of the 40-50 cm layer (near the bottom of
the profiles). Also shown are average isotope compositions of the top layers
in areas of the watershed identified as containing high-As ground water, and
the top layers in the area identified as the water recharge zone (Lipfert and
Reeve, 2004; Lipfert et al., in press). The soil field essentially encloses the
total isotope variation of the profiles in the watershed. For the purpose of
illustrating possible combinations of point sources that may have contributed
anthropogenic lead to the soils, representative compositions of aerosols and
gasoline are shown from pre-1967 to 1999. Qualitative mixing schemes can
be devised to explain the observed isotope variations in the soils involving
lead from arsenical pesticides, Fe-hydroxides and sulfides, and aerosols (Fig.
7). A mixing scheme is illustrated that involves goethite with a high Pb
content (Pb~492 ppm; As~4490 ppm), goethite with a low Pb content
(Pb~10 ppm; As~14 ppm), and lead arsenate. Only the sample representing
the average composition of the lowest soil horizon plots outside of the
mixing triangle, adjacent to the average composition of the Penobscot
Formation. Similar mixing schemes involving sulfides (e.g., pyrite, Pb ~22330 ppm; As ~30-1290 ppm) in the Penobscot Formation, and lead from
aerosols would also overlap the data for the soils. The exact role of the
pesticides is difficult to evaluate quantitatively due to the inherent isotopic
variability of the arsenic-bearing ore used in the production of the pesticides,
and a lack of information about the identity, dates, and amounts of pesticide
applied in the area.
This study was carried out to test whether Pb isotope compositions of
in the soils and tills can be linked to use of arsenical pesticides, other
anthropogenic point sources, and likely parental rocks (Penobscot
Formation). The lead isotope data indicate that a derivation of Pb in soil and
till profiles from the local country rocks remains the best explanation of the
lead isotope compositions, and is the most likely primary source of arsenic
in local ground water. Contribution of Pb from combustion of fossil fuels is
likely, especially at the top of the profiles. A major addition of lead from
arsenical pesticides is possible but cannot be proven at this time.
The most important natural source of lead (and by inference arsenic) is
likely derived from the breakdown of sulfide-bearing bedrock during
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glaciation and subsequent weathering of the oxidation zone overlying the
ground water (Ayuso and Foley, 2002, 2004; Foley et al., 2004a).
Decomposition of the sulfide minerals as a result of fluid migration leached
and oxidized bedrock and soils, producing Fe-hydroxides and other
secondary minerals. As-bearing sulfides (e.g., pyrite and arsenopyrite), for
example, would have been converted to limonite, goethite, and secondary
sulfide minerals which captured lead (and by inference arsenic) in the
original sulfide minerals. Subsequent reduction of secondary mineral phases
is thought to release metals into the ground water (e.g., As: Matisoff et al.,
1982; Stuben et al., 2003).

Figure 7. 206Pb/207Pb vs. 208Pb/207Pb plot showing the lead isotopic compositions of lead
arsenate, sodium metarsenite, calcium arsenate, and Cu-acetoarsenite (dashed line connects
average compositions), and a field for soils that includes the average compositions of the top
layer of the soils (roughly equivalent to the A1 and Ap horizons), the top layer of soils for all
sites in the geochemical study, and the average compositions of the deep layer at 40-50 cm
(near the bottom of the profiles). Also shown are the isotope compositions of the top layers in
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areas within the watershed containing wells with groundwater characterized as high-As type,
and the top layer in the area identified as the water recharge zone (Lipfert and Reeve, 2004;
Lipfert et al., in press). Lead isotope compositions of U.S. aerosols and gasoline produced
since the 1960s vary widely and the figure shows estimated compositions starting pre-1967 to
about 1999 (sources of data include Chow et al., 1975; Nriagu and Pacyna, 1988; Bollhöfer
and Rosman, 2000, 2001; Rosman et al., 1994; Erel et al., 1997; Sturges and Barrie, 1987,
and references therein).

4.

CONCLUSIONS

Although the predominant source of arsenic and metals to most soils and
sediments in New England is sulfide-rich rock, the extensive application of
arsenical pesticides and herbicides (lead arsenate, calcium arsenate, and
sodium arsenate, and others) on apple, blueberry, and potato fields may have
been a significant anthropogenic source of arsenic and lead. The main
objective of this work was to determine the lead isotopic compositions of
commonly used pesticides, such as lead arsenate, sodium metarsenite, and
calcium arsenate, in order to assist in future isotopic comparisons and to
better establish this anthropogenic source of Pb. The pesticides plot along a
linear trend in isotope diagrams, for example, in values of 206Pb/207Pb and
208
Pb/207Pb.
Pb isotope compositions of near-surface soil and till profiles in coastal
Maine were measured in an area known to have ground water with
anomalously high arsenic contents to determine the source of the Pb and by
inference, provide constraints on possible sources of As. Labile Pb from the
soils and tills shows a moderate range in isotope values, distinctly less
radiogenic than the residue fractions. Leach fractions are lowest in values of
208
Pb/207Pb in the soil surface layers. Acid-leach compositions represent lead
that is loosely bound in minerals (Fe- and Mn-hydroxides, carbonate, and
micaceous minerals), and likely approximate the composition of Pb available
to the regional ground water. The profiles show that average Pb and As
contents are generally highest in the surface soil layer. Pb isotope and other
geochemical data show that a contribution of Pb from the local country rocks
to the soil and till profiles remains the best explanation for the lead isotope
compositions. Contribution of lead from combustion of fossil fuels is likely
(especially at the top of the profiles).
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